Abstract. Ginsenoside Rg3, a naturally occurring phytochemical, serves an important role in the prevention and treatment of cancer. In the present study, with the aim to reveal the molecular mechanism of Rg3 in liver cancer cell metastasis, the anti-migration and anti-invasion effects of Rg3 on liver cancer cells were investigated. It was demonstrated that Rg3 caused marked inhibition of cell migration and invasion of human liver cancer cells, HepG2 and MHCC-97L, in vitro, and the growth of HepG2 and MHCC-97L tumors in BABL/c nude mice. The protein expression of Rho GTPase activating protein 9 (ARHGAP9) was increased both in HepG2 and MHCC-97L cells. Following ARHGAP9 knockdown, the results of Transwell and tumorigenesis assays revealed that the anti-migration, anti-invasion and anti-tumor growth effects of Rg3 were impaired significantly. The increased expression of ARHGAP9 protein induced by Rg3 was remarkably suppressed. All results suggested that ARHGAP9 protein may be a vital regulator in the anti-metastatic role of Rg3. To the best of our knowledge, the present study is the first to report that Rg3 effectively suppressed the migration and invasion of liver cancer cells by upregulating the protein expression of ARHGAP9, indicating a novel natural therapeutic agent and a therapeutic target for the treatment of liver cancer.
Introduction
Primary liver cancer is one of the most aggressive types of neoplasm, characterized by high morbidity and mortality rates (1) (2) (3) . Although the prevalence of liver cancer is highest in the Far East and Sub-Saharan Africa, its incidence has increased in Western countries (4) , and it is predicted that the incidence of liver cancer in the United States will continue to increase in the next two decades (5) . At present, surgical intervention (resection or transplant) is the first line therapeutic method for cases of primary liver cancer at an early stage. However, systemic metastasis and postsurgical recurrence negatively affect the prognosis of patients with liver cancer (2) . Unfortunately, the majority of liver cancer cases are diagnosed at at an advanced stage, by which metastasis has occurred and no curative treatment is available (6) . Therefore, metastasis is the leading factor that results in the high mortality rate and poor 5-year survival rate (<9%) in patients with liver cancer (7) .
Tumor metastasis is a highly integrated, multistep process which is closely associated with a series of molecules, including Rho GTPase activation proteins (Rho GAPases), matrix metalloproteinases (MMPs), vascular endothelial growth factor (VEGF), plasminogen activator (PA) etc (8) (9) (10) (11) (12) (13) . Rho GTPases belong to the Ras super-family, including RhoA, RhoB and RhoC (14) . Previous studies have demonstrated that Rho GTPases serve a vital role in tumor progression and metastasis by regulating cell proliferation, the actin cytoskeleton and cell adhesion (15) . Furthermore, Rho GTPases often appear to be elevated or to have their activity increased in several human tumors by changing three major classes of regulators including Rho GAPs, GEFs and GDIs (16) . Notably, RhoA was frequently found to be over-expressed in liver cancer and which is associated with tumor metastasis, a lower survival rate and a higher chance of tumor recurrence (17) . As important negative regulators of Rho signaling, numerous RhoGAPs have been demonstrated to be downregulated in liver cancer, including p190RhoGAP, Deleted in liver cancer (DLC)
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family and Rho GTPase activating protein 9 (ARHGAP) (18) , which indicated the association of RhoGAPs and liver cancer. RhoGAPs are emerging as a novel cancer-related biomarker in recent years (19) . ARHGAP9 is a member of the RhoGAP family, and also named RhoGAP9 (20) . It has been demonstrated that ARHGAP9 inhibits Erk2 and p38α activation in Swiss 3T3 fibroblasts by binding to mitogen-activated protein kinases (MAPKs), which serve pivotal roles in cell proliferation and metastasis (21) . ARHGAP9 reduced the adhesion of hematopoietic cells to the extracellular matrix and the migration of vero cells (22) . Studies using bioinformatics determined that ARHGAP9 is a cancer-associated gene (23) , however, no studies have reported an association between ARHGAP9 and cancer.
Ginsenoside Rg3, one of the bioactive ginsenosides extracted from Panax ginseng C.A. Meyer, displays significant anti-metastasis effects in numerous types of cancer models. For example, Rg3 was reported to effectively inhibit lung cancer metastasis by suppressing epithelial-mesenchymal transition (24, 25) . Rg3-induced downregulation of MMPs has been demonstrated to be associated with the decreased invasive capacity of ovarian cancer SKov3 cells and colon cancer SW480 cells (26, 27) . Rg3 was also demonstrated to inhibit the migration of Eca-109 and 786-0 cells through suppressing VEGF expression (28) . The aim of the present study was to investigate the potential functions and molecular mechanisms of Rg3 against liver cancer cell metastasis.
Materials and methods
Reagents. 20(R)-ginsenoside Rg3 (98% pure, Fig. 1A ) was purchased from the Nanjing Zelang Biological Technology Company (Jiangsu, China). It was dissolved in dimethyl sulfoxide (DMSO) and stored at -20˚C. Anti-ARHGAP9 was purchased from Abcam (Cambridge, UK; cat. no. Ab101361) and anti-GAPDH was purchased from Cell Signalling Technology, Inc. (Danvers, MA, USA; cat. no. 5174).
Cell culture. The human liver cancer cell lines, HepG2, SK-Hep1, MHCC-97L, MHCC-97H, SMMC-7721and BEL-7404, were provided by the Shanghai Cell Bank, Chinese Academy of Sciences (Shanghai, China) (http://www.cellbank. org.cn/index.asp). HepG2 is a human hepatoblastoma cell line, commonly misidentified as hepatocellular carcinoma (29) . SK-Hep1 and the remaining cell lines were cultured in RPMI-1640 medium and Dulbecco's modified Eagle's medium (DMEM), respectively, which were supplemented with 10% fetal bovine serum (FBS),100 units/ml penicillin and 100 µg/ml streptomycin at 37˚C in 5% CO 2 .
Cell viability analysis. Cells were seeded in 96-well plates at a density of 2,000 cells per well, incubated overnight, and treated with different concentrations of Rg3 (0, 1.25, 2.5, 5, 10, 20, 40 and 60 µg/ml) for 12, 24 and 48 h. The cell proliferation was quantitated using Cell Counting kit-8 (CCK-8; Dojindo Laboratories, Japan), according to the manufacturer's recommendations. Control cells were treated with culture media containing 0.15% (v/v) DMSO.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA was extracted from the cells with TRIzol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and reverse transcribed to cDNA with oligo(dT) primers (Fermentas; cat. no. K1622; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. SYBR Green-based RT-qPCR (Maxima SYBR-Green/ROX qPCR Master Mix 2X; cat. no. K0223; Thermo Fisher Scientific, Inc.) was performed to examine the relative ARHGAP9 mRNA level, which was normalized to GAPDH. The primer sequences were as follows: ARHGAP9 forward, 5'-GAA GAG ACC GCC CTT ACA AAG C-3' and reverse, 5'-GCT CAC CCG ATA AAT GCC ATC C-3'; GAPDH forward, 5'-CAC CCA CTC CTC CAC CTT TG-3' and reverse, 5'-CCA CCA CCC TGT TGC TGT AG-3' .
RNA interference. A total of 3 small interfering RNAs (siRNAs) targeting ARHGAP9 mRNA were synthesized: siRNA1, 5'-GAC GCU GCU UCU ACA UAA A-3'; siRNA2, 5'-GUG GUG UUA ACG GGU AAC A-3', and siRNA3, 5'-GCG UGC GCA ACA AAC UAA A-3' , and a control siRNA (siNC). The siRNAs were transiently transfected into MHCC-97L cells using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's instructions. The most effective siRNAs were selected according to the results of RT-qPCR and western blotting after 48 h. Then MHCC-97L cells were transfected with siRNA3 and a 24-h Rg3 treatment followed after 24 h. The effect of ARHGAP9 silencing on the anti-invasive properties of Rg3 was assessed by Transwell assay.
Western blot analysis. The protein concentration was analyzed by Bicinchoninic Acid Protein Assay Reagent (Sangon Biotech Co., Shanghai, China), according to the manufacturer's protocols. Soluble lysates containing 20 µg proteins per sample were separated via SDS-PAGE on a 10% gel and subsequently transferred onto polyvinylidene fluoride membranes. Subsequent to blocking with 5% bovine serum albumin at 4˚C for 1 h, membranes were incubated with primary antibodies anti-ARHGAP9 (dilution, 1:1,000; cat. no. Ab101361; Abcam) and anti-GAPDH (dilution, 1:1,500; cat. no. 5174; Cell Signalling Technology) at 4˚C overnight. Following washing with TBS Tween-20, the membranes were incubated with secondary antibody horse-radish peroxidase-labeled goat anti-rabbit IgG (dilution, 1:1,000; cat. no. A0208; Beyotime Institute of Biotechnology, Shanghai, China) at room temperature for 1 h. The membrane signals were detected using an Enhanced Chemiluminescent Western Blotting Detection System (Bio-Rad Laboratories, Hercules, CA, USA), according to the manufacturer's protocols. Quantification of protein expression was performed by Image J 1.6 software (National Institutes of Health, Bethesda, MD, USA).
Cell migration and invasion assays. Cell migration was examined using a Transwell migration assay. Cells were suspended in serum-free DMEM medium and 5x10 5 cells/ml were seeded into the upper chamber, with 8-µm pores (Corning Incorporated, Corning, NY, USA) while DMEM with 10% FBS was added to the lower chamber. After a 24-h incubation, non-migrated cells were removed with cotton swabs, and microscopic images of the migrated cells were captured in 5 random random fields (magnification, x200). The migration capability of the cells was measured by counting the number of cells present. The data are expressed as the mean number of cells/field ± standard deviation.
For the invasion assay, 1 mg/ml Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) was pre-coated onto the Transwell membrane, and the remaining steps were performed as per the migration assay.
In vivo tumorigenesis. Male 5-week old BALB/c nude mice were purchased from SLAC Laboratory Animal Center (Shanghai, China), anesthetized and 5x106 HepG2 cells or 5x10 6 MHCC-97L cells in 200 µl PBS were injected subcutaneously into the right forelimb. Rg3 was administrated to the rats by oral gavage, and distilled water with 0.5% CMC-Na was used as a control. After 21 days the nude mice were sacrificed by cervical dislocation and the tumor tissues were excised and weighed. The experiments were approved by the Experimental Animal Ethical Committee of Seventh People's Hospital of Shanghai University of Traditional Chinese Medicine (Shanghai, China).
Statistical analysis. In vivo data are presented as the mean ± standard error of the mean and in vitro data are presented as the mean ± standard deviation. Student's t-test was used to compare the difference between the two groups. One-way analysis of variance followed by Dunnet's test was performed for comparisons between multiple groups. P<0.05 was considered to indicate a statistically significant difference.
Results
The anti-proliferative effects of Rg3. The effects of Rg3 on liver cancer cell viability were investigated by CCK-8 assay. As demonstrated by (Fig. 2) .
Rg3 suppresses tumor growth of liver cancer cells in nude mice. BALB/c nude mice administered with Rg3 for 21 days exhibited significant decrease in tumor size compared with the control mice ( Fig. 3A and B) . The weight of the tumors decreased with increasing Rg3 dose.
The increased expression of ARHGAP9 induced by Rg3. ARHGAP9, as a member of the RhoGAP family, has been reported to be associated with cell migration in previous studies (20) (21) (22) . Bioinformatics investigation revealed that ARHGAP9 is a cancer-associated gene (23) . Whether the expression of ARHGAP9 was regulated by Rg3 in liver cancer cells was investigated. Western blot analysis demonstrated that the expression of ARHGAP9 protein were significantly increased in a dose-dependent manner following treatment of HepG2 and MHCC-97L cells with Rg3 ( Fig. 4A and B) . Whether the anti-migration and anti-invasion effects of Rg3 were mediated by ARHGAP9 was explored.
To better understand the role of ARHGAP9 in anti-metastatic behavior of Rg3 in HCC cells, the expression levels of ARHGAP9 were measured in six human liver cancer cell lines (HepG2, SK-Hep1, MHCC-97L, MHCC-97H, SMMC-7721 and BEL-7404). The expression of ARHGAP9 in the MHCC-97L cell line was higher than that in the other cell lines (Fig. 5A and B) . siRNAs (siRNA1, siRNA2 and siRNA3) or control siRNA (siNC) were transfected into MHCC-97L cells to knockdown ARHGAP9. As demonstrated in Fig. 5C and D, all three siRNAs efficiently reduced the expression of ARHGAP9, among which siRNA3 was the most efficient, and selected for further experiments.
The essential aspects of ARHGAP9 function in cell metastasis with or without Rg3 treatment were explored by Transwell assays. It was demonstrated that the transfection of siRNA3 targeting ARHGAP9 significantly increased the migration and invasion rates of MHCC-97L cells, and attenuated the inhibition of cell migration and invasion induced by Rg3 (Fig. 6A and B) . The increased expression of ARHGAP9 induced by Rg3 was markedly suppressed by the transfection of siRNA3 targeting ARHGAP9 compared with the siNC (Fig. 6C) . In vivo, following treatment with Rg3 for 21 days, the siRNA3 targeting ARHGAP9 (siRNA) group tumors were larger than those in the siNC group (Fig. 7A) . Compared with siNC+10 mg/kg Rg3 group, a significant increase in tumor weight was observed in the siRNA+10 mg/kg Rg3 group (Fig. 7B) , and the average tumor diameters are listed in Table I . No BALB/c nude mice presented multiple tumors. The anti-metastasis experiments in vivo will be the next stage of our work. These results suggest that ARHGAP9 serves a key role in the metastasis-suppressive function of Rg3 in liver cancer.
Discussion
In the present study, it was demonstrated that Rg3 significantly reduces the migration and invasion capacity of liver cancer cells. The increased ARHGAP9 expression induced by Rg3 contributes to the anti-migration and anti-invasion effects of Rg3. The results revealed novel insight into the biological function of ARHGAP9 and suggest clinical application of Rg3 in liver cancer. Figure 6 . Knockdown of ARHGAP9 attenuates the anti-metastatic effect of Rg3 in MHCC-97L cells. Cells were transfected with siRNA against ARHGAP9 or siNC, and treated with 2.5 and 5 µg/ml Rg3 or DMSO for 24 h. Transwell assays were performed to evaluate (A) cell migration and (B) invasion. *** P<0.001, siRNA vs. siNC; siRNA+2.5µg/ml vs. siNC+2.5µg/ml; siRNA+5µg/ml vs. siNC+5 µg/ml. (C) ARHGAP9 protein expression was measured by western blotting. ** P<0.01, siRNA vs. siRNA+2.5 µg/ml; *** Ginseng, the root of Panax ginseng C.A. Meyer, has been widely used in East Asian countries for thousands years as a natural tonic (30) . The triterpene glycosides known as ginsenosides serve key roles in numerous medicinal effects of ginseng (31) . Over 100 ginsenosides have been isolated from ginseng (32) . Among these ginsenosides, ginsenoside Rg3, rich in red ginseng, has been demonstrated to be relatively safe medicinally, with significant anticancer activity in cancer models both in vitro and in vivo (33) .
Despite liver cancer therapy, metastasis remains a clincial challenge (34) . In recent years, Shenyi capsule (ginsenoside Rg3 monomer preparation) was approved by the China Food and Drug Administration for cancer therapy (35) . Aside from its significant anti-cancer effects (36) (37) (38) , Rg3 is a beneficial adjuvant to conventional cancer therapies due to its capacity to improve chemosensitivity, reduce adverse effects and enhance the immunity of tumor-bearing models (39) (40) (41) . In the present study, the impact of Rg3 on liver cancer cell survival, migration and invasion, and growth of tumors in nude mice were explored. The results of cell viability and Transwell assays indicated that low concentrations (1.25, 2.5, 5 µg/ml) of Rg3 had no effect on the viability of HepG2 or MHCC-97L cells, but significantly inhibited the migration and invasion of tumor cells. Thus, Rg3 is a potential anti-metastatic agent for liver cancer. Combined administration of low-concentration Rg3 and conventional cancer therapies may have efficacy due to synergistic effects.
To further investigate the mechanism of Rg3 in liver cancer, the expression of ARHGAP9 protein was measured in vitro. It was demonstrated that Rg3 significantly upregulated ARHGAP9 expression in a dose-dependent manner. It was also confirmed that siRNA targeting ARHGAP9 transfection markedly reduced ARHGAP9 expression at the protein level, increased the migration and invasion rates of MHCC-97L cells, and attenuated the anti-migration and anti-invasive effects of Rg3. These findings suggest that Rg3 suppressed the migration and invasion of liver cancer cells by upregulating the expression of ARHGAP9.
ARHGAP9 belongs to the Rho GAPase family, which regulate cell migration in cancer progression by promoting GTP hydrolysis to inactivate small GTPases through various downstream signaling pathways (42) . Numerous GAPs have implicated in various types of cancer, including the tumor suppressor, DLC1, also known as ARHGAP7, which encodes Rho-GAP deleted frequently as p53 in liver, breast and lung cancer (43) . Bioinformatics studies have confirmed that ARHGAP family genes (including ARHGAP9) are cancer-associated genes, as their genetic alterations are associated with carcinogenesis (23, 44) . RhoGAP6 isoform 1 variant was identified as a biomarker for the development and progression of CRC (45) . ARHGAP6 exerts a tumor-suppressive function via binding to Rac3, and may serve as a potential biomarker in cervical cancer (46) . ARHGAP10 expression was downregulated in ovarian tumors and ARHGAP10 has been indicated to ameliorate ovarian cancer by inhibiting Cdc42 activation (47) . Additionally, ARHGAP24 is implicated in breast cancer cell invasion and migration, RCC development and malignant lymphoma prognosis (48) (49) (50) . Although ARHGAP9 has been associated with cancer in bioinformatics studies, no experiments have validated the association between ARHGAP9 and cancer. In the present study, it was demonstrated that ARHGAP9 exerted suppressive function in HCC migration and invasion, consistent with previous studies suggesting that RhoGAPs are tumor suppressors (43, 49) . However, the exact mechanism by which ARHGAP9 exerts its function remains to be further investigated.
It is notable that, although GAPs have been increasingly reported to be involved in major aspects of cancer development, the mechanism of GAP regulation and alterations by GAPs in different types of cancer remains unknown. It has been suggested that the association of RhoGAPs with cancer could be mediated by the Rho pathway and Rho-independent pathways. A number of RhoGAPs have been reported to directly bind to p53 tumor suppressor protein, and regulate the cell cycle and apoptosis (51) . RhoGAPs may serve as a key crossroad between the cell-migration and proliferation pathways. Thus, an improved understanding of the molecular mechanisms of ARHGAP9 underlying the carcinogenesis of liver cancer is required, which may allow the development of novel therapeutic strategies. In summary, the present study indicated that ARHGAP9 may serve an important role in the metastasis of liver cancer, and that Rg3 inhibited the migration and invasion of liver cancer by upregulating the expression of ARHGAP9. ARHGAP9 may provide a novel strategy for treating liver cancer. The signaling pathway of Rg3-induced ARHGAP9 and the association between ARHGAP9 expression and clinicopathological features of patients with liver cancer will be conducted to fully investigate these possibilities. Table I . Tumor diameter measurements. 
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